Polycyclic aromatic hydrocarbon (PAH) emissions from diesel vehicles have been reduced by recent regulations further dropping the permissible levels of regulated substances. We analyzed emissions of 13 PAHs from cold-or hot-start test cycles in three diesel vehicles complying with these stringent regulations, and we estimated cancer risk in terms of toxic equivalency factors (TEFs). Two vehicles were equipped with oxidation catalysts and one with a urea-selective catalytic reduction (SCR) system. Most PAH emissions were lower from the compliant vehicles than from other diesel vehicles with no aftertreatment devices. For the three vehicles, naphthalene (Naph) was emitted at the highest rate (2.92-376 µg/km); by mass it constituted 51.1-84.8% (mean 73.0%, S.D. ± 12.2%) of all PAH emissions. However, in the SCR system, Naph emissions probably decomposed during collection, because the percentage recoveries of surrogate were low, suggesting the presence of specific reactive substances in the SCR system exhaust. 
INTRODUCTION
The mechanism of carcinogenesis of polycyclic aromatic hydrocarbons (PAHs) is similar to that of dioxins. The aryl hydrocarbon receptor (AhR) is a well established receptor for PAHs and dioxins. PAHs induce tumors in part by activating the AhR/transcription factor. [1] [2] [3] Toxic equivalency factors (TEFs) are tools for health-risk assessment of PAHs. Risk assessments of PAHs and attempts to derive TEFs as indicators of the relative potency of individual PAHs have been performed in several studies for the purpose of summarizing the cancer risk contributions of total benzo[a]pyreneequivalent (B[a]P eq ) doses. [4] [5] [6] [7] Diesel exhaust is an important source of PAHs in ambient air. Particulate PAHs such as B[a]P in diesel exhaust have been a focus of attention because of their carcinogenicity or mutagenicity. 8) However, particulate PAH emissions have tended to decrease as a result of advances in combustion control system design, the fitting of emission after-treatment devices, and the reduction of sulfur levels in fuel. 9, 10) However, data on the emission of volatile and semivolatile PAHs from recentmodel diesel vehicles incorporating these advances are few.
The purpose of this investigation was to clarify the characteristics of PAH emissions from vehicles complying with the recent, stringent emissions regulations. Three heavy-duty diesel vehicles were driven on cold-and/or hot-start test cycles. We measured the emissions of 13 PAHs, including volatile and semivolatile PAHs, to evaluate the cancer risks posed by PAHs in diesel exhaust. Cancer risk was calculated by using TEFs 5) in accordance with the number of aromatic rings.
MATERIALS AND METHODS
Vehicles and Fuels --The specifications of the heavy-duty diesel vehicles and fuels tested are shown in Table 1 . HD-1 and HD-2 complied with the new (2003) short-term Japanese emission regulation. HD-3 complied with the new (2005) longterm Japanese emission regulation. These two regulations differ in terms of regulation values. Particularly nitrogen oxide (NO x ) and particulate matter regulation values of the new long-term are more severe than the new short-term ones. Every test vehicle had exhaust gas recirculation (EGR) for NO x emission-reduction. HD-1 and HD-2 had an oxidation catalyst as a hydrocarbon emission-reduction device. HD-3 had a urea-selective catalytic reduction (SCR) system that consisted of one de-NO x catalyst and two oxidation catalysts. The fuels used for the testing differed in sulfur density. Fuel containing 30 ppm (w/w) sulfur was used in HD-1. Fuel containing 4.0 ppm (w/w) sulfur was used in HD-2 and HD-3. Diluted Exhaust-Collection Method --Empore extraction disk (EPD) filters containing XAD-2 resin (SDB-XC 90-mm diameter; 3 M Corporation, St. Paul, MN, U.S.A.) were used for PAHs correction.
To prepare the filters, they were first washed with dichloromethane [pesticide residue analysis and polychlorinated biphenyl (PCB) analytical grade; Wako Pure Chemical Industries Inc., Osaka, Japan] in a Soxhlet apparatus (Shibata Glass Factory, Tokyo, Japan). The filters were then dried in a draft at room temperature and cut to a diameter of 70 mm with a stainless-steel punch.
For quantification of artificial effects during PAHs collection, the cut filters were spiked with three deuterium-labeled PAHs (PAHs-d; Daiichi Pure Chemicals Co., Tokyo, Japan) in acetonitrile solution: naphthalene-d 8 The percent recoveries of these PAHs-d were determined. After pretreatment as described above, the filters in petri dishes were stored in aluminum bags together with charcoal cloth until PAHs collection.
The PAHs collection detail is shown in Fig. 1 . The vehicles were operated on a chassis dynamometer at half payload. The exhausts of HD-1 were introduced into a full-flow dilution tunnel and were diluted by means of a constant-volume sampler (CVS; CVS 9400T, Horiba, Kyoto, Japan). The exhausts of HD-2 and HD-3 were diluted by means of a CVS (DLT-1890 W, Horiba) with a dilution air refiner.
For PAHs collection, a pretreated EPD filter was placed in the stainless-steel filter holder. The diluted exhausts were collected at an isokinetic collecting flow rate of 20 l/min (9.3 cm/s) at the end of the dilution tunnel, in the tunnel's cross-sectional center. At the collection flow rate, we tested breakthrough of PAHs measured preliminarily. Diluted exhaust of a heavy-duty diesel vehicle with no emissioncontrol devices and driven at a steady state of speed of 80 km/h (S.S. 80 km/h) was collected by two EPD filters over a period of 3600 s. We confirmed no breakthrough of measured PAHs onto the second EPD filter, which was placed downstream of the first EPD filter for PAH collection.
The diluted exhaust of HD-1, driven at an S.S. 80 km/h, was collected with an EPD filter over a period of 1200 s. The diluted exhausts of HD-2 and HD-3 driven at JE05 cold-and hot-start test cycles (cycle duration: 1829 s) 11) were collected with an EPD filter. The JE05 transient cycle simulates real driving conditions. Furthermore, the exhaust of HD-3 driven at an S.S. 80 km/h was collected with an EPD filter over a period of 1800 s. The collection time for HD-3 was longer than that for HD-1 because the lower emission rates of the former by two oxidation catalysts of SCR system were estimated. After collection of the diluted exhaust, the EPD filter was packed in the aluminum bag and then stored in a refrigerator at lower temperature than −20 • C until the PAHs were extracted. . PAHs were extracted from each EPD filter with ca. 150 ml of dichloromethane for 24 hr in a Soxhlet extractor in a water bath at 60 • C. Dimethyl sulfoxide (HPLC grade, 100 µl; Dojindokagaku, Kumamoto, Japan) was added to prevent evaporation to dryness, and the solution was concentrated to 100 µl with a Kuderna-Danish concentrator. After concentration, the residue was diluted with 1 ml of methanol (HPLC analytical grade; Wako Pure Chemical Industries Inc.), and the resulting solution was filtered through membrane filters (Ekicrodisc 3CR; Gelman Sciences Inc., Ann Arbor, MI, U.S.A.). The analysis was performed by reverse-phase HPLC with two fluorescence detectors (RF-10A XL ; Shimadzu, Kyoto, Japan) connected in series, because number of PAHs to analyse PAHs were many. The detection wavelengths were changed based on corresponding PAHs. Excitation and emission wavelengths for the 13 PAHs are shown in Table 2 , with the limits of detection (LODs), together with the TEFs proposed by Nisbet and Lagoy. 5) PAHs were separated on a guard column (Cartridge guard column E, 10 mm × 3.0 mm Inside diameter (ID); GL Science, Tokyo, Japan) and two main columns (Inertsil ODS-P, 100 mm × 4.6 mm ID + 250 mm × 4.6 mm ID; GL Science). The column temperature was set at 40 • C. A mobile-phase solvent gradient of acetonitrile (aldehyde analytical grade; Wako Pure Chemical Industries Inc.) and deionized distilled water (50 : 50) was held isocratically for 10 min, changed linearly to 95% acetonitrile over 40 min, and then held at 95% acetonitrile for 10 min. The flow rate of the mobile phase was 1 ml/min. Standard Reference Material 1647d (SRM 1647d; National Institute of Standards and Technology, Gaithersburg, MD, U.S.A.) which contained all 13 PAHs was used as a calibration standard. The validity of the method from extraction to analysis was confirmed by the percentage recoveries of the 13 PAHs, as follows (n = 4). SRM 1647d was diluted 10 times with acetonitrile and a 100-µl aliquot was added to each EPD filter. The percentage recovery of Naph was only slightly lower (78-97%) than the recovery of the other PAHs (90-110%). Therefore, PAH losses in the period from extraction to analysis were low. In addition, we confirmed the percentage recoveries of PAHs-d in HD-3 experiment. Two 
RESULTS AND DISCUSSION

Emission Characteristics of PAHs
The PAH emissions from each test vehicle and the percentage recoveries of PAHs-d are shown in Table 3 . Naph and Phen were present in all tests performed. Naph had the highest emission rate of 2.92-376 µg/km; it constituted 51.1-84.8% (mean 73.0%, S.D. ± 12.2%) of the total PAH emission. In contrast, DB[ah]A and I[cd]P were not detected or were below the LOD in all tests.
The start condition of test cycle influences emission significantly. Under the cold-start condition, the vehicle emissions tend to be higher than under hot-start condition 12) because of low temperature of a catalyst. For HD-2, the total PAH emissions under cold-start conditions were 1.3 and 1.4 times those under hot-start conditions. For HD-3, the total PAH emissions under cold-start conditions were same level of those under hot-start conditions; this result reflected the low percentage recoveries of Naph-d under cold-start conditions. The percentage 13) investigated the reaction of NO 2 and OH radicals with PAHs adsorbed on diesel exhaust particles by exposing the particles to gaseous NO 2 at 8.0 × 10 13 molecules/cm 3 (3.2 ppm) in a flow tube; they found that B[a]P was the most reactive PAH, with degradation of 25 ± 7% over 1800 s. The other PAHs, such as Phen and B[a]A, had degradation yields of 10% and 14%, respectively. Oxidation catalysts that are known to increase NO 2 emissions [14] [15] [16] were attached to the test vehicles. Therefore, the low recovery rates of B[a]P-d observed from HD-1 and HD-2 are likely to have been caused by oxidation by substances in the exhausts, such as NO 2 , during collection. In the case of HD-3, with its SCR system for hydrocarbon and NO x reduction, the percentage recoveries of B[a]P-d were lower than in HD-1 and -2 (21.8-37.9%; mean 30.4%, S.D. ± 5.9%). In addition, the percentage recoveries of Naph-d were low (22.0-89.9%; mean 58.7%, S.D. ± 24.1%). Because of the low recovery of Naph-d, the PAH emissions of HD-3 were more underestimated. Therefore, although the SCR system reduces PAH emissions, it is possible that reactive substances that degrade PAHs during collection are present in the exhausts. The reactive substances are unknown, but they are probably substances characteristic of the SCR system, such as isocyanic acid. [17] [18] [19] Kleemann et al. 19) investigated the hydrolysis of isocyanic acid on oxidation catalysts in a plug flow microreactor. The conversions of isocyanic acid were high at the high space velocities and low temperatures. However, the conversion under 190 • C was 93.7%. Hence, isocyanic acid was slightly remaining and emitted in exhaust of cold-start condition. Table 4 shows PAH emissions identified by other authors. [20] [21] [22] Test vehicles with no aftertreatment devices met foreign emissions regulations in the latter half of the 1990 s. Rogge et al. 20) used quartz filters to collect PAHs and measured particulate PAHs. Schauer et al. 21) and Nelson et al. 22) divided PAHs into particle and gas forms and mea- sured them. Our PAH emissions showed trends similar to those in the other studies in that the emissions of Naph were highest. However, most of PAH emissions from our vehicles with exhaust after-treatment devices were lower than that in the other studies. Moreover, the PAH emissions of HD-3, which had the SCR system, were vastly lower than the HD-1 and HD-2 emissions. Liu et al. 23 ) compared 12 PAH emissions from diesel engine which has no aftertreatment devices with diesel particulate filter (DPF) or SCR system. For each aftertreatment devices, 10 PAHs were not detected, and 2 PAHs were reduced more than 85%. The results showed these aftertreatment devices decreased PAH emissions significantly. To specify the substances having high reactivity in vehicle exhausts is need.
Risk Analysis of PAH Emissions from Diesel Vehicles
PAHs are carcinogenic or mutagenic and differ in their toxicity. We used TEFs 5) to estimate the cancer risks posed by PAH emissions from dieselfueled vehicles, and calculated the B[a]P eq from the PAH emissions which were in Tables 3 and 4 ( Fig. 2) .
Most the B[a]P eq emissions of Naph (two-ring) and or the total of B[b]F, B[k]F, B[a]P, and DB[ah]A (five-ring) were higher than those of other-ring PAHs. In particular, although the two-ring consisted of only Naph, with a TEF of 0.001, two-ring PAHs as a proportion of the total B[a]P eq were high at 26-74% (mean 54%, S.D. ± 15%).
Naph is classified in cancer risk group 2B by the International Agency for Research on Cancer (IARC). 24) Because the concentrations of particulate PAHs present in vehicle exhaust that carry a high risk of cancer are decreasing owing to the use of DPFs, the relative contribution of Naph as a gaseous PAH to carcinogenesis risk is thus increasing. Naph, which is probably emitted at the highest rates, was not measured in the study by Rogge et al. 20) B[a]P, which has a large TEF (1; see Table 2 ), was not measured in the study of Schauer et al. 21) However, the B[a]P eq emissions in our study were substantially lower than in other studies, [20] [21] [22] and total B[a]P eq emissions as a cancer risk were less than approximately one tenth of their studies. Therefore, the cancer risks posed by PAHs from diesel vehicles that comply with recent regulations are generally lower than those posed by emissions from older vehicles.
